Zero shifts of 2 usually represent one of the most serious systematic errors in powder patterns obtained by diffractometers, and they cannot be readily diagnosed and corrected. Frequently, large zero shifts hinder indexing of the patterns. Programs exist to re®ne the lattice constants and calculate the zero shift, but they need the indexing results. We have derived an equation, based on the re¯ection-pair method, to calculate and correct the zero shift before indexing. The equation has been tested on many experimental data and the effectiveness of the method has been con®rmed. The method is very useful in ab initio crystal structure determination using powder data.
Introduction
There are many kinds of aberrations in a powder diffraction pattern; these aberrations shift the peak positions and introduce deviations in the calculated interplanar spacing. However, most of them can be calculated and corrected, at least approximately, from the instrumental parameters and specimen properties (Wilson, 1963; Klug & Alexander, 1974; Parrish & Wilson, 1992) . For example, the refection shifts caused by a¯at specimen and by specimen transparency can be calculated from beam divergence and the linear absorption coef®cient of the specimen, respectively (Klug & Alexander, 1974) . In addition, modern diffractometer design has made some systematic errors negligible. For example, the errors from axial divergence can be reduced to a great extent using two sets of narrow Soller slits. Zero shift and the specimen-surface displacement are usually the most serious systematic errors in powder patterns obtained by diffractometers, and they cannot be readily diagnosed and corrected . Most indexing programs require high-quality diffraction data and the systematic errors in 2 should be less than 0.03 . In many practical cases, zero-shift or specimen-displacement errors are larger than 0.03 and correct indexing results cannot be obtained based on the erroneous data.
Many methods have been used to reduce the zeroshift and specimen-displacement errors. Firstly, the diffractometer should be properly aligned and calibrated. Sometimes an internal standard material with known lattice parameters is used for correction of the angular errors. Furthermore, special equipment and other methods may be used . Even though much time is spent on calibration, the zero shift still cannot be completely avoided after the calibration because of inaccuracies of the gear system and of the movement of the receiving-slit arm. In addition, sometimes we need to analyse old data, containing systematic errors, and the sample is not available to repeat the experiment. Using an internal standard is not very convenient because of the overlap of the peaks and extra computations involved. For thin ®lms and bulk specimens, such as alloy ingots, it is dif®cult to prepare a mixture of the specimen and the internal standard material. There are many exploration methods and least-square methods to re®ne the lattice parameters and to correct the systematic errors, but most of them can be used only after the diffraction pattern has been indexed. There is a need to diagnose and ®x the systematic errors arising from the zero shift and specimen displacement before indexing. Here,`before indexing' means without information about the lattice parameters, crystal system of the specimen and the hkl index for the re¯ection peaks.
It has been shown by Popovic (1971 Popovic ( , 1973 ) that precise lattice parameters can be derived from the angular separation, , between two neighbouring orders of re¯ections. The separation , measured on the same diffractometer run, is largely independent of the zero setting of the 2 scale and the recording errors. In addition, the remaining angle-dependent aberrations shift the adjacent re¯ection pairs in the same direction. Using this method, only the relative differences of the diffraction angles are needed. Therefore, it is simpler and more convenient than making absolute angular measurements, which are otherwise necessary in precise work but dif®cult to make on diffractometers. The simple re¯ection-pair equation for the cubic system was ®rst presented by Popovic (1971 Popovic ( , 1973 . Later, Guo & Ma (1982) derived general re¯ection-pair equations for all crystal systems; they also developed a computer program to calculate the unit-cell parameters using the re¯ection-pair method. However, these re¯ection-pair methods are aimed at re®nement of the unit-cell dimensions and they cannot be used to diagnose and correct the systematic errors before indexing.
In this paper, we present a new equation of the re¯ection-pair method for diagnosis and correction of the zero shift. Our new method, seemingly quite simple, is principally exact because it is based on the exact selfconsistency of the crystal lattice. It has several advantages over the previous re¯ection-pair methods. Firstly, it can be used before indexing as well as after indexing. Secondly, it can be applied to any crystal system in the same form. Thirdly, it gives directly the estimations for zero shift, which can be used to correct the whole pattern. Finally, the computation involved is quite simple and can be performed with a pocket calculator.
The principle of the method
Two re¯ections can be used as a re¯ection pair if their interplanar spacings have a de®nite and exact ratio. For all crystal systems, the following general relation exists:
Here, re¯ections hkl and h H k H l H form a re¯ection pair. Usually, it is not dif®cult to ®nd such re¯ection pairs, two orders of re¯ections from the same crystal plane, in a diffraction pattern. In cubic, hexagonal and tetragonal systems, additional relations exist which give a de®nite ratio between interplanar spacings. For example, the d values of hk0 and h H k H 0 re¯ections are related by (h 2 + k 2 )d hk0 = (h H2 + k H2 )d h H k H 0 in tetragonal and cubic systems. These re¯ections form a special kind of re¯ection pair, where the m value in (1) may be a real number instead of an integer. Previous methods (Popovic, 1973; Guo & Ma, 1982) used this type of re¯ection pair, but they cannot be applied before the diffraction patterns are indexed. In this paper, re¯ection pairs as de®ned by (1) are used. From the re¯ection pair de®ned by (1), we have two Bragg equations:
Therefore we can write
Here, B and H B are the correct Bragg angles for the re¯ections hkl and h H k H l H , respectively. When zero-shift error is dominant, we can assume that other systematic errors can be ignored. So we have
where 2 obs and 2 H obs are the observed diffraction angles of the re¯ection pair, and 2 z is the zero shift. In the following context, 2 obs and 2 H obs will be written as 2 and 2 H for simplicity. Substituting (4) into (3) and solving the equation for z , we can obtain 2 z 2 arctansin H À m sin am cos À cos H X 5
This equation can be used to calculate the zero shift from the ratio m and the observed diffraction angles. By differentiation of (5), we obtain the following equation:
This equation can be used to estimate the maximum absolute error in 2 z . Here |Á2 H | and |Á2| are the maximum absolute errors in reading the observed diffraction angles. From (6), we can see that the zero shift determined by (5) is quite precise; its precision is about the same as that in a peak search. The precision of the obtained zero-shift values increases with the m value and the angle difference. In most practical cases, the peak positions can be located within 0.01 , so the zero shift determined by (5) is accurate enough for indexing work. In addition, there are often more than three re¯ection pairs in a diffraction pattern. All re¯ection pairs can be utilized to calculate the zero shift or specimen displacement. Then, the obtained data can be averaged to give a reasonable value with increasing precision. It is assumed for simplicity in derivations of the re¯ection-pair equations that the zero shift is dominant and other errors are negligible. Mathematically, the re¯ection-pair method is applicable when two or more aberrations coexist and none of them is dominant. However, it is necessary to solve simultaneous re¯ection-pair equations in such cases. We are not going to discuss this complicated situation here. Usually, diffraction patterns can be indexed after they have been corrected by (5). After the diffraction pattern has been indexed, Cohen's method (Langford, 1973) or other least-squares methods can be used to re®ne the unit-cell dimensions and to obtain more reliable estimations of the systematic errors.
Applications of the method
The present re¯ection-pair method has been implemented in a program for powder X-ray data analysis ZERO SHIFT IN POWDER DIFFRACTION PATTERNS (PowderX; Dong, 1999) ; equation (5) is used in the calculation. The program PowderX can ®nd most probable re¯ection pairs automatically based on a search for integral ratios of the interplanar spacing. Most experimental data were collected using a Mac Science type M18AHF diffractometer. Cu K radiation was used; the K 2 lines were eliminated using PowderX. The Cu K 1 wavelength value was 1.540598 A Ê . The diffractometer is equipped with two sets of Soller slits. Therefore, the axial divergence aberration is negligible in most 2 angle ranges. In addition, we use a 0.5 divergence slit to reduce the plate-specimen error. The 2 error due to the specimen transparency is estimated to be less than 0.02 in the case of linear absorption coef®cients larger than 100 cm À1 . So it is usually a minor error in diffraction patterns of the high-absorption inorganic materials we studied. From the experimental conditions, it is reasonable to predicate that the 2 zero shift is the dominant systematic error in our data. Therefore, we can use (5) to compute and correct the zero shift. Many experimental data have been used to test the present method; some typical results are described below.
The re¯ection-pair method depends on the precision in the peak search and correctness in choosing the re¯ection pairs. It is normally easy to ®nd the re¯ection pairs when the diffraction peaks are sharp and well resolved in a powder pattern. However, it may become dif®cult when the peak positions cannot be precisely located (due to peak broadening or overlapping). Ambiguous re¯ection pairs may appear when diffraction peaks are very crowded or overlapped, because the overlapped peaks have almost identical d values. To avoid the in¯uence of accidentally (randomly) matched re¯ection pairs, at least three re¯ection pairs should be used and the calculated zero shifts based on the selected re¯ection pairs should be close to one another.
As the ®rst example, we describe the process of zeroshift correction in a simple case. The specimen used was an La-doped Bi-2201 (Bi 2 Sr 2 CuO 6 ) single-crystal. This compound belongs to the orthorhombic (pseudo-tetragonal) system with a body-centred lattice. Its lattice parameters a and b are about 5.4 A Ê , and c is close to 24.6 A Ê . Experimental diffraction data were obtained by a step scan with a step width of 0.01 . Only the 00l (l = 2n) re¯ections can be observed because the c axis of the crystal is perpendicular to the specimen surface. The observed 2 (2 obs ) and other related data are summarized in Table 1 . The 2 zero shifts were deduced, using (5), from the re¯ection pairs listed in Table 2 . In total, 12 pairs were used. The average zero shift of 2 (2 z ) was À0.0334 . This value was added to the 2 obs to obtain the 2 cor according to (4). The interplanar spacing (d cor ) was calculated from the 2 cor values. The values of the lattice parameter c listed in Table 1 were calculated using these d cor values. It is obvious from Table 1 that the relative error of the c parameter is less than 10 À4 . The data in the last column of Table 1 give an average c of 24.611 (1) A Ê . From the average c parameter, the 2 value (2 c ) is calculated. The 2 c and 2 cor À 2 c values are also listed in Table 1 . The difference 2 cor À 2 c is no more than 0.003 . The very good ®t indicates that the zero-shift error deduced from (5) is quite accurate. This result is unexpected to some extent because we used a scanning step width of 0.01 . However, it is reasonable because the re¯ection peaks of the single-crystal are very sharp [with maximum full width at half-maximum (FWHM) < 0.125 ]. The 002 peak (2 obs = 7.228 ) is excluded in the calculation because other systematic errors become comparable with the zero-shift error in the very low angle range (2 < 10 ).
The re¯ection-pair method can be used before indexing; this feature makes it very useful in ab initio crystal structure determination using powder data. Recently, we determined the crystal structure of a new compound, Pr 2 Ni 1Àx Li x O 4 . The sample was synthesized by solid-state reactions and NiO exists in the sample as the second phase. The diffraction data were obtained by a step scan with a step width of 0.02 . The details of sample preparation and structure determination will be reported elsewhere; here we will describe only the indexing process to show the effect of the re¯ection-pair method. The original diffraction pattern cannot be indexed using the program TREOR (Werner et al., 1985) because there is a serious zero shift in the data. We used the PowderX program to search for the re¯ection pairs and calculate the zero shift. The results are listed in Table 3 . A total of 11 re¯ection pairs were found using a window of zero shift of AE0.20 . Among them, nine pairs come from the Pr 2 Ni 1Àx Li x O 4 phase. The remaining two re¯ection pairs, the seventh and eighth rows in Table 3 , originate from the NiO phase. Their re¯ection indexes are 003 versus 006 and 101 versus 202, respectively. There is good agreement between the zero-shift values using re¯ection pairs from both phases. The calculated zero shifts in the last column of Table 3 give an average 2 z of À0.182 . This average 2 z is added to the observed data to give the corrected 2 values. The corrected pattern can be successfully indexed using TREOR; the indexing results are listed in Table 4 . The reliability of the results is indicated by the ®gure of merit values M 20 = 100 and F 20 = 71 (Smith & Snyder, 1979; de Wolff, 1968) . This result was also con®rmed by an electron diffraction experiment.
Conclusions
A new re¯ection-pair equation has been derived for the diagnosis and correction of the 2 zero shift in powder diffraction patterns. This equation is superior to the previous equations because it can be used before indexing. Experimental diffraction patterns that cannot be indexed due to zero shift can be indexed after the correction. Therefore, it is very useful in the structure determination of unknown phases. The effectiveness of the present method has been con®rmed by many tests using experimental data. If zero shift is the dominant error, the precision of the interplanar spacing obtained by the present method is comparable to that obtained by much more complicated exploration methods or leastsquares methods. If the present method is used, no standard material is required in routine diffraction measurements and specimen preparation and data processing can be greatly simpli®ed. Table 2 . Re¯ection pairs and 2 zero shift (2 z ) deduced from equation (5) 
